The importance of quality has been recognized in the business environment in order to obtain or produce higher quality products. In a manufacturing environment, process tends to produce defects due to various reasons which can be improved by identifying and eliminating them using Six Sigma methodology. In this paper, DMAIC (Define, Measure, Analyze, Improve, and Control) approach has been used to reduce the number of rejected thermoformed inner liners of home refrigerator. In define phase, problem was defined by determining the main category of defects. In measure phase, data were collected to determine the current performance and the process capability. In analyzing phase, root causes of main defects were identified. In improvement phase, corrective actions and solutions were determined and finally in control phase, various procedures were implemented for tracking the process and putting it under control. The results showed that process quality was improved through reduction in defects from about 123000 ppm to about 55000 ppm.
INTRODUCTION
In recent years, an increasing number of companies have used different types of quality programs to increase internal and external customer satisfaction as well as to reduce quality cost. Process improvement has often been accomplished through an integrated approach, using problem-solving techniques such as total quality management (TQM) and classic statistical analysis. Among all these programs, Six Sigma is perhaps the most widely-applied. There are many documented case studies of organizational applications of Six Sigma, where large-scale improvements in variability of processes to meet the customer satisfaction [3] . Six Sigma is a highperformance, data-driven approach to analyze the root causes of business problems and solving them [2] . Six Sigma, a statistically-based quality improvement program, helps to improve business processes by reducing the waste and costs related to poor quality, and by improving the efficiency and effectiveness of processes [3] . In Six Sigma approach, there are two tools namely: DMAIC and DFSS (Design For Six Sigma). The overall approach to solve problem by using DMAIC methodology includes conversion of practical problem into statistical problem and finding statistical solution. These statistical solutions are converted into practical solutions and are implemented properly in the organizations [2] .
The company involved in this study is a home appliances manufacturing company. It is one of leading companies in Egypt and North Africa. Home refrigerator is considered one of the most important products of this company. The manufacturing of home refrigerator consists mainly of two sets of operations, first is for parts manufacturing and the other is for assembly. This paper presents the application of Six Sigma to improve quality in thermoforming processes which produce the inner liner of home refrigerator.
In home refrigerator manufacturing, the defective inner liner from thermoforming process has a serious effect and so is one of the main causal factors of a defective refrigerator. The aims of this research are to identify the quality characteristics in thermoforming process, to decide the factors which affect the quality variation of thermoformed parts and to determine the improvement plan for increasing thermoforming process capability and decreasing defect rate using six sigma method.
CASE STUDY
In this discussion, we will describe DMAIC phases as a basic concept on doing quality improvement by using Six Sigma methodology.
Define Phase
This phase determines the objective and scope of the study. Information about the present processes is collected, determination of customers and deliverables to customers are also determined.
Project charter and process flow map
The Project Charter defines the scope, objectives, and overall approach for the work to be completed. It is a critical element for initiating, planning, executing, controlling, and monitoring the study [2] . Table 1 shows the details of our project charter. Process flow map used is shown in Fig.1 , which represents present flow of the manufacturing process and its functions.
Sipoc
SIPOC is a tool used to develop a high-level understanding of the process that is under study, including the upstream and downstream links [4] . SIPOC stands for: Supplier (S): The person or company that provides the input to the process (e.g. raw materials, labor, machinery, information, etc.). The supplier may be both external and internal to the company. Input (I): The materials, labor, machinery, information, etc. required for the process. Process (S): The internal steps necessary to transform the input to output. Output (O): The product (both goods and services) being delivered to the customer. Customer (C): The receiver of the product. The customer could be the next step of the process or a person or organization [5] . Table 2 describes the SIPOC diagram representing the thermoforming process.
The critical to quality (CTQ) tree is used for identifying critical to quality (CTQ) characteristics, features by which customers evaluate a product or service [5] . This simple tool helps to move from general needs of the customers to the more specific requirements [1] . The critical to quality (CTQ) tree of the present study is outlined in Fig. 2 .
Measure Phase
The measure phase serves to validate or redefine the problem. It is also the phase where the search for root causes begins by determining the key data required to narrow down the problem to its major factors or vital few root causes [6] . To meet this objective, the past information for thermoforming process was collected and illustrated in Fig. 3 .
In thermoforming process, rejected inner liner was classified into three main categories: defects due to extruded sheet, defects due to vacuum forming process and defects due to trimming process. Figure 4 describes participation of each category in total reject ratio. The results showed that the main category of defects was defects due to sheet. Since we had two types of inner liners (A and B) we classified sheet defects based on material type. Material A was contributed with 81% of total defects due to sheet whereas material B with only 19 %.
Since defects due to sheet have many forms like moisture, non homogeneity of wall thickness of thermoformed inner liner, hard particles in sheet layers and others. A Pareto chart was made to identify the vital few defects and the data are given in 
Analyze Phase
In the analyze phase, practical business or operational problems are turned into statistical problems [6] . One of the key objectives of Analyze phase is to determine the drivers, the little x's that correlate to the customer requirements (CTQ) and significantly influence the process or design [7] . For doing right analysis of the defects determined in the measure phase, the cross functional team (vacuum forming engineer, sheet extrusion engineer, machine operators, maintenance engineers and quality control engineer) made a brainstorming session to get all potential root causes of the defects. After efficient brainstorming, 18 ideas came out as the possible causes of the hard particles defect. These initial ideas were shown in Fig. 8 . Brainstorming session conducted again for non uniform thickness defect and came out with 19 ideas.
Improve Phase
In this phase the team generates, selects and implements a set of solutions to improve process performance. It is recommended that when implementing solutions, the project team prioritizes the solutions and implements them one at a time or in groups, immediately following implementation of the solutions with a recalculation of sigma [8] .Team determined priority of improvement plan items by using Failure Mode and Effects Analysis (FMEA). Failure mode is defined as the manner in which the process could potentially fail to meet the process requirements. It is a description of the nonconformance at that specific operation [9] . It was considered as defects in our case study. Potential effects of failure are defined as the effects of the failure mode on the customer(s) [9] . Potential causes are derived from cause and effect diagram in the analyze phase. Severity is the rank associated with the most serious effect for a given failure mode, and is subjected to a rating 1 to 10 on scale [9] . Each of the causes is subjected to a rating 1 to 10 scale on likelihood of occurrence and detection, with high numbers being more problematic, The Risk Priority Number (RPN) is calculated as the product of those three scales (severity,occurrence and detection) [1] . Based on the score of RPN and criticality number (Criticality = Occurrence X Severity), the highest priority is the highest RPN number. Table 3. shows the results of FMEA and the related recommended actions.
Design of Experiments (DOE) is a series of techniques that involves the identification and control of parameters or variables (termed ' factors ' ) that have a potential impact on the output (termed ' response ' ) of a process with the aim of optimising the design or the process [5] . The experiment was performed for 3 factors ( service time for screen filter before changing, screen filter mesh number and temperature of dies heaters) at two levels identified in Table 4 . The results shown that changing period was the significant parameter and the associated recommended levels for parameters setting is derived from parameter main effect chart, Fig. 9 , which achieve lower value of mean defects ratio.
The recommended actions mentioned in FMEA Table were performed effectively and that was confirmed by results shown in associated figures as follows: Fig. 10 , shows the status of feed die and screw before and after cleaning and maintenance, Fig. 11 , clarifies the improvement achieved in total defect percent as a performance indicator in refrigerator inner liner manufacturing department PT Proceedings of the 15 th Int. AMME Conference, 29-31 May, 2012 (thermoforming department) during and after applying six sigma project for quality improvement, Fig. 12 , represents a run chart for tracing the hard particles defect as it is one of the major defects required to be reduced and the improvement achieved is clear during and after six sigma application, Fig. 13 , describes the process capability analysis of sheet thickness measurements after using one material (type B) as it is considered the main cause in thickness homogeneity of vacuum formed inner liner, comparing these results with those shown in Fig. 7 , clarifies the improved capability of producing uniform sheet thickness using one material type.
Control Phase
The control phase establishes the ongoing controls necessary to sustain the benefits from the Six Sigma project. The following actions are taken by the team and the related departments for sustaining the gain and controlling the process at the improved level of performance: 2- Modifying standard operation procedure (SOP) with the optimized setting values for screen changing period to be every 8 hours, screen filter mesh number to be #80 and feeding dies heaters to be at 230 ºC.
3-
Establishing a variable control chart (X bar-R) for sheet thickness monitoring in sheet extrusion process, the initial control limits are (UCL=2.059 and LCL=2.035 mm) whereas specification for sheet thickness are (USL=2.06 and LSL=2.00 mm), revised control chart with derived control limits computed by Minitab software shown in Fig. 14. 
4-
Establishing a calibration periodic plan for measurement tool (micrometer) used for measuring sheet thickness every 6 months.
CONCLUSION
Six sigma methodology has been used to reduce defects ratio of home refrigerator inner liner thermoforming process and to improve process performance. It was found that the main category of defects is sheet defects, in particular two main defects hard particles and nonuniform thickness. By using six sigma DMAIC approach a breakthrough in reducing defects was achieved, as was confirmed with results as follows:-1-Defects ratio decreased from about 12 % (123000 ppm) to about 5.5 % (55000 ppm) and for sheet defects mainly from (95000 ppm) to about (29000 ppm). 2-Process capability improved from (CPK = 0.3 to 0.76) with inspector training and measurement device calibration regularly. 3-Machine parts maintenance and cleaning has a strong relation and great effect on hard particles defect.
Benefits of implementation have been found to be enormous in this case study. However, further research is possible in the same direction of decreasing defects ratio. As regarding to sigma level calculation, the implementation of six sigma in refrigerator inner liner thermoforming process is still below standard (6 sigma level at 3.4 ppm). 
